INTRODUCTION
Glycosylphosphatidylinositol (GPI) is used to anchor various eukaryotic proteins to the cell-surface membrane [1, 2] . GPIanchored proteins are found in yeast [3] , mammals [2] and plants [4] but are especially abundant in protozoan parasites [5] . The core structure and the biosynthetic steps of GPI are basically conserved in various organisms [5, 6] .
The common core structure of GPI consists of inositol phospholipid, GlcN, three mannoses and an ethanolamine phosphate [1] . The biosynthesis of GPI occurs on the membrane of the endoplasmic reticulum (ER) [7] . It is initiated by the transfer of GlcNAc to phosphatidylinositol from UDP-GlcNAc to generate N-acetylglucosaminylphosphatidylinositol (GlcNAc-PI). The second step is the de-N-acetylation of GlcNAc-PI to GlcN-PI. Later, three mannoses from dolichol-phosphate-mannose and an ethanolamine phosphate from phosphatidylethanolamine are added sequentially [7] . The core is variously modified with side groups during or after its synthesis [1] . Finally, an amino group of the terminal ethanolamine of the assembled GPI is linked to the C-terminus of a precursor protein [8] . This basic pathway of GPI biosynthesis was first investigated in trypanosomes [9] . A number of genes involved in GPI biosynthesis have been cloned in yeast and mammalian cells [2, 10] ; however, little is known about the characteristics of the enzymes of this biosynthesis.
The second-step enzyme, GlcNAc-PI de-N-acetylase, was partially purified from trypanosome membranes after solubilization with Zwittergent 3-14 [11] . The substrate specificity of de-N-acetylase was studied by using various GlcNAc-PI analogues [11] [12] [13] . However, this enzyme was so unstable in the presence of the detergent that purification was impossible [11] . It was also reported that de-N-acetylation of GlcNAc-PI in a mammalian cell-free system was stimulated by GTP hydrolysis [14] . The mechanism and a biological role of this GTP stimulation have yet to be clarified.
We have previously cloned a cDNA of the rat PIG-L gene that restores defective GlcNAc-PI de-N-acetylation in class L mutant cells after transfection [15] . Although PIG-L protein does not have a known ER retention signal in its sequence, it is localized in the ER membrane facing the cytosolic side of the membrane [15] . Moreover, overexpression of PIG-L resulted in the overexpression of GlcNAc-PI de-N-acetylase activity. These characteristics are consistent with the idea that PIG-L is GlcNAc-PI de-N-acetylase ; however, because PIG-L has no similarity with proteins with known functions, its function could not be predicted.
Here we show that recombinant rat PIG-L protein expressed in and purified from Escherichia coli has GlcNAc-PI de-Nacetylase activity in itro. We also identified human and Saccharomyces cere isiae functional homologues of PIG-L that complemented class L mutant Chinese hamster ovary (CHO) cells. The yeast PIG-L homologue termed GPI12 was essential for growth of the yeast, suggesting that it is the only gene that encodes GlcNAc-PI de-N-acetylase in yeast and that de-Nacetylation of GlcNAc-PI is essential for GPI synthesis in yeast, as it is in mammals and protozoa.
EXPERIMENTAL

Mammalian cells and plasmids
The CHO-K1 cell mutant M2S2, defective in the second step of GPI anchor biosynthesis, and its wild type IIIB2A (CHO-K1 cell transfected with human CD59 and DAF cDNA species) were as described previously [15] . They were cultured in Ham 's F-12 medium supplemented with 10 % (v\v) fetal-calf serum and 600 µg\ml geneticin. Human B lymphoblastoid JY25 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10 % (v\v) fetal-calf serum, 0.2 mg\ml insulin and 0.2 mg\ml transferrin [16] . The mammalian expression plasmid containing Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys (FLAG)-tagged rat PIG-L cDNA(pMEEB FLAG-PIG-L) was described previously [15] . To construct a plasmid containing FLAG-tagged GPI12, we amplified the GPI12 gene from the genomic DNA of S. cere isiae strain W303a\α [17] by PCR. To tag the N-terminus of Gpi12p with FLAG, we amplified a fragment of GPI12 lacking an initiation codon but bearing a SalI site at the 5h end and an XbaI site at the 3h end by using 5h primer U1 (5h-GCTCGGGTCGACAAGATGTTGAGGCGTACAAAGGT-AA-3h) and 3h primer L1 (5h-GCTCGGTCTAGACGGATCCT-CGATGACGATGAAGATGATGGTAT-3h). We then digested pMEEB FLAG-PIG-L with SalI and XbaI to remove PIG-L and replaced it with a SalI-XbaI fragment of the amplified GPI12. Plasmids (10 µg) were transfected into (2-4)i10' cells suspended in 400 µl of culture medium without geneticin by electroporation at 260 V and 960 µF by using a Gene-Pulser (Bio-Rad). Transfectants were cultured in 200 µg\ml hygromycin to establish stable transfectants.
Expression in E. coli and purification of FLAG-tagged PIG-L
To construct pET-FLAG-PIG-L, we digested pMEEB FLAG-PIG-L and pET-19b (Novagen) with NcoI and BamHI. The FLAG-PIG-L fragment from pMEEB FLAG-PIG-L was ligated with the digested pET-19b. E. coli BL21(DE3) transformed with pET-16b or pET-FLAG-PIG-L were grown in Luria-Bertani medium at 37 mC, induced by isopropyl β--thiogalactoside (0.5 mM) then subjected to an additional 3 h of culturing at 37 mC followed by centrifugation at 5000 g for 5 min and three washes with ice-cold PBS. The bacteria derived from 100 ml of culture were suspended in 10 ml of extraction buffer A [50 mM Tris\HCl (pH 8.0)\5 mM EDTA\50 µg\ml NaN $ \ 1 µg\ml leupeptin\0.1 mM tosyl-lysylchloromethane (Tos-Lys-CH # Cl, ' TLCK')], incubated with lysozyme (0.25 mg\ml at room temperature for 5 min), mixed with 1 ml of extraction buffer B (1.5 M NaCl\0.1 M CaCl # \0.1 M MgCl # \0.02 mg\ml DNase I\0.05 mg\ml ovomucoid protease inhibitor) and incubated at room temperature for 5 min. The suspension was sonicated at 70 W for 70 s. To dissociate the fusion proteins partly from GroEL, the sonicated suspension was incubated with 10 mM MgSO % \2 mM ATP\0.5 mM dithiothreitol (DTT) at 37 mC for 10 min. Alternatively, when the effects of metals and chelating reagent were being studied, the bacteria were suspended in PBS (without Mg# + and Ca# + ) containing 1 µg\ml leupeptin and 0.1 mM Tos-Lys-CH # Cl, then sonicated. The insoluble materials were removed by centrifugation at 100 000 g for 1 h at 4 mC. The FLAG-tagged proteins were captured from the supernatant with 50 µl of anti-FLAG M2 affinity gel (Eastman Kodak, Rochester, NY, U.S.A.) and eluted with 100 µl of 0.8 mM FLAG peptide in 50 mM Hepes\NaOH, pH 7.4, containing 25 mM KCl, 0.1 mM Tos-Lys-CH # Cl and 1 µg\ml leupeptin.
Western blotting and FACS analysis
CHO cells (10&) and E. coli (equivalent to 0.1 µl of culture), both expressing FLAG-tagged PIG-L, were solubilized with SDS\ PAGE sample buffer and were separated by SDS\PAGE [10 % (w\v) gel], transferred to PVDF membrane and subjected to Western blot analysis with biotinylated anti-FLAG monoclonal antibody M2 plus horseradish peroxidase-streptavidin conjugates (Amersham) and detected by chemiluminescence (Renaissance ; DuPont). FACS analysis was performed as described previously [18] .
Preparation of cell lysates and biosynthesis of GPI precursors in vitro
The lysates of JY25 and CHO cells were prepared as described previously [19] . [20] . To quantify the GlcNAc-PI and GlcN-PI generated, the intensities of the spots were measured with a Fuji Image Analyser BAS 1500 (Fuji Film Co., Tokyo, Japan) after exposure for 2-5 days.
Acetylation of [6- 3 H]GlcN-PI to generate 
H]GlcNAc-PI
Lysates of JY25 cells equivalent to 4i10) cells were incubated with 80 µCi of UDP-[6-$H]GlcNAc (13.3 µCi\ml) for 3 h at 37 mC as described above. Glycolipids extracted by butan-1-ol and dried were dissolved in 2.8 ml of methanol and then mixed with 2.8 ml of NaHCO $ -saturated water. The addition of acetic anhydride (280 µl) was followed by incubation on ice for 10 min. A further 280 µl of acetic anhydride was added and the mixture was incubated at room temperature for 50 min. GlcNAc-PI was extracted as described above and a small aliquot was used to measure radioactivity [21] . Cl and 1 µg\ml leupeptin at 37 mC for 0-120 min. When studying the effect of metal ions and chelating reagent, we used 50 mM Hepes\NaOH (pH 7.4)\ 25 mM KCl\0.5 mM DTT\0.1 mM Tos-Lys-CH # Cl\1 µg\ml leupeptin as a basic buffer. The deacetylated products were extracted and analysed as described above.
Assay of GlcNAc-PI de-N-acetylase
Cloning of human PIG-L cDNA
We searched an expressed sequence tag database [22] for a human homologue of rat PIG-L. We purchased a plasmid of a clone 565114 from A. T. C. C. (Rockville, MD, U.S.A.). To obtain a sequence of the 5h end of human PIG-L, we amplified it from human placenta cDNA (Clontech) by PCR. We used two 5h primers AP1 and AP2, corresponding to the Marathon cDNA adaptor (Clontech), and two human PIG-L-specific 3h primers, hPIG-L R1 (5h-ATGAAGCAGAGACAAGGGCAGAT-3h) and hPIG-L R2 (5h-CAGATTGATGCCATTCACTTCTA-3h), designed from the sequence of clone 565114. We amplified the 5h fragment of human PIG-L by nested PCR first with primers AP1 and hPIG-L R1, and then with primers AP2 and hPIG-L R2. The product was subcloned into EcoRV-digested pBluescript II (Stratagene, La Jolla, CA, U.S.A.) and sequenced. To obtain a full-length human PIG-L cDNA, we ligated the 5h fragment of human PIG-L from the PCR product and the remainder of the 3h fragment from clone 565114 at the SphI site. This human PIG-L cDNA was subcloned into a mammalian expression plasmid pME-Pyori18Sfk [23] and transfected into M2S2 CHO cells to confirm its function.
Yeast strains and growth conditions
S. cere isiae diploid strain W303a\α (ura3-52 trp1-1 ade2-1 lys2-801 leu2-3 his3-11, 15 can1-100) was used [17] . Diploid yeasts were left to sporulate on sporulation medium at 30 mC for 3-5 days. Tetrads were dissected on yeast extract\peptone\dextrose (YPD) plates and incubated at 30 mC for 2-3 days to allow the spores to germinate. Ura + transformants were negatively selected on supplemented minimal medium (SMM) plates containing uracil and 0.5 mg\ml 5-fluoro-orotic acid. These yeast media were prepared as described previously [24] .
Disruption of GPI12 gene
We amplified the 2.5 kbp genomic fragment containing the GPI12 gene, introducing a NotI site at the 5h end and a SalI site at the 3h end by PCR with the 5h primer U2 (5h-GCTCGGCGGGCGGCCGCCTGGGTTCCAAACCTTG-TCGATCAG-3h) and the 3h primer L2 (5h-GCTCGGGTC-GACGGCATTTAATGAAGCAGTGGTATGCA-3h). The fragment and pBluescript (pBS) II were digested with NotI and SalI and ligated to generate pBS GPI12. To prepare a knock-out construct of GPI12, we digested pBS GPI12 with XbaI and HindIII, and YDp-L [25] with BamHI. The 4.5 kbp fragment of pBS GPI12 lacking the HindIII and XbaI fragment of GPI12 gene, and the 1.6 kbp BamHI fragment containing the yeast LEU2 gene excised from YDp-L, were treated with T4 DNA polymerase, ligated and then cut at PstI (in GPI12) and SalI (in pBS) sites. This 2.5 kbp GPI12 knock-out construct was used to transform yeast strain W303a\α [26] . Leu + transformants were selected and disruption of the GPI12 gene was confirmed by Southern blotting. The 0.65 kbp fragment excised from pBS GPI12 with NotI in pBS and PstI was used as a probe.
To construct multi-copy plasmids containing the wild-type GPI12 gene (YEplac GPI12), we digested pBS GPI12 and YEplac195 [27] with SacI and SalI. The 2.5 kbp fragment containing the GPI12 gene and digested YEplac195 were ligated.
RESULTS
Expression and purification of rat PIG-L protein
We previously cloned a cDNA of rat PIG-L, a candidate GlcNAc-PI de-N-acetylase that catalyses the second step of GPI biosynthesis [15] . To determine whether PIG-L is the de-N-acetylase itself, we tagged its N-terminus with FLAG peptide and expressed it in CHO cells or in E. coli. Immunoblot analysis with anti-FLAG antibodies (Figure 1 an apparent molecular mass of 32 kDa, slightly more than that (29 kDa) predicted from the amino acid sequence. The three higher-molecular-mass bands seen in Figure 1 (lane 2) should be non-specific because they were also seen in non-transfected CHO cells (lane 1). We then affinity-purified recombinant FLAGtagged PIG-L expressed in E. coli with anti-FLAG beads. Silver staining of the affinity-purified FLAG-tagged rat PIG-L ( Figure  1, lane 5) showed that it co-purified with 60 kDa protein. Nterminal amino acid sequencing identified it as GroEL, a molecular chaperone that binds to the hydrophobic surface of the non-native portion of proteins [28] . Rat PIG-L protein has a hydrophobic region near the N-terminus that might act as an anchor to the ER membrane [15] . GroEL might have bound to this region, preventing aggregation.
GlcNAc-PI de-N-acetylase activity of recombinant PIG-L protein
We assessed the enzymic activity of purified PIG-L protein in itro. As shown in Figure 2 (A), radiolabelled GlcNAc-PI (approx. 3000 d.p.m.) was incubated with purified recombinant PIG-L protein (three-fifths of the amount shown in Figure 1 , lane 5) at 37 mC for the indicated periods ( Figure 2A, lanes 2-7) . We measured the intensities of the spots and calculated the percentage of deacetylated product GlcN-PI in total radiolabelled glycolipids. As shown in Figure 2 (B), after incubation with recombinant PIG-L\GroEL protein complex, the percentage of GlcN-PI increased with time and reached 70 % at 120 min. No significant amount of GlcN-PI was seen after 120 min of incubation with proteins that were mock affinity-purified from E. coli transformed with an empty vector ( Figure 2A, lane 1) . This result indicated that PIG-L protein has GlcNAc-PI de-Nacetylase activity.
Effect of GTP on recombinant GlcNAc-PI de-N-acetylase
It has been reported that the incubation of microsomes with GTP enhanced the GlcNAc-PI de-N-acetylase activity in itro The amounts of radioactivity in the spots of GlcNAc-PI and GlcN-PI were quantified and the percentages of deacetylated products (GlcN-PI) in total radiolabelled glycolipids were determined. Symbols, , mock ; $, FLAG-PIG-L. [14] . The effects of GTP on the de-N-acetylase of membrane were twofold. First, the presence of 1 mM GTP increased the total amount of deacetylated products approx. 2-fold. Secondly, in the presence of GTP, the deacetylation reaction seemed to be biphasic with an initial fast phase and a subsequent slower phase. The fast phase in the presence of GTP was accelerated approx. 5-fold compared with the reaction in the absence of GTP [14] . We examined whether the de-N-acetylase activity of recombinant PIG-L protein was enhanced by GTP. The recombinant proteins were preincubated with 1 mM GTP, then substrate was added and incubated for 1 or 2 h ( Figure 3A ). The amounts of deacetylated products were similar with or without GTP. We next tested shorter incubation durations to see the effect of GTP during an initial phase. The percentage of de-N-acetylated product increased similarly with or without GTP ( Figures 3B  and 3C ). We conclude that GTP does not directly enhance the enzymic activity of PIG-L protein.
Table 1 Effects of metal ions and EDTA on de-N-acetylation activity of PIG-L and JY25 lysates
Samples were prepared without metal ions and preincubated with or without 5 mM EDTA for 5 min at 37 mC ; radiolabelled GlcNAc-PI was then added and the mixture was incubated for 2 h (recombinant protein) or 1 h (cell lysates). Activities are normalized to those in the absence of EDTA and metal ions. For the incubations without EDTA, recombinant PIG-L protein bound to anti-FLAG beads was pretreated with 5 mM EDTA for 5 min ; then, after being washed three times with a buffer, PIG-L was eluted and used. 
Figure 4 Alignment of the rat and human PIG-L and S. cerevisiae Gpi12p sequences
Identical and similar amino acids are shown in black and shaded backgrounds respectively.
Effects of metal ions and EDTA
Some de-N-acetylases that react with GlcNAc moiety such as microsomal N-acetylglucosaminyl de-N-acetylase (involved in heparin biosynthesis) [29] , N-acetylglucosamine-6-phosphate de-N-acetylase [30] and UDP-3-O-acyl-GlcNAc de-N-acetylase [31] are metalloproteins. In addition, the activity of GlcNAc-PI de-N-acetylase in the microsome fraction was enhanced by Mg# + ions [7] . We examined the effects of various metal ions and EDTA on PIG-L protein isolated from E. coli (Table 1) . We
at 10 mM in the presence of 5 mM EDTA. First we found that the de-N-acetylase activity of recombinant PIG-L protein was not affected by 5 mM EDTA. MnCl # and NiCl # enhanced the de-N-acetylase activity 4.6-fold and 8-fold respectively ; CaCl # and MgCl # enhanced it approx. 3-fold. Other metal ions had no significant effect. Next we assessed the effect of metal ions at lower concentrations (2-100 µM) after pretreatment of PIG-L protein with EDTA. MnCl # and NiCl # at 100 µM enhanced the activity less than 2-fold (1.7-fold). CaCl # and MgCl # at 100 µM enhanced it slightly. At 2 µM, no metal ions had a significant effect. We also assessed the effect of metal ions on de-N-acetylase activity in lysates of JY25 cells in a similar way. The activity was decreased to 70 % with 5 mM EDTA. MnCl # , CaCl # and NiCl # , each at 10 mM in the presence of 5 mM EDTA, enhanced the de-N-acetylase activity approx.
6-fold, 4-fold and 2-fold respectively. MgCl # did not enhance the activity.
Complementation of hamster class L mutant cell line with human PIG-L and yeast GPI12
A Basic Local Alignment Search Tool (BLAST) search of the databases revealed the presence of human expressed sequence tag clones and S. cere isiae open reading frame that had high similarity scores with the rat PIG-L amino acid sequence [15] . We obtained a 1.1 kb cDNA of putative human PIG-L (see the Experimental section) encoding a 252-residue protein like rat PIG-L that had 77 % amino acid identity with rat PIG-L protein (Figure 4) . A S. cere isiae YMR281W open reading frame encodes a putative 304-residue protein with 24 % amino acid identity with rat PIG-L (Figure 4) . The hydropathy profiles of the three proteins are similar overall (results not shown).
To determine whether these structural human and yeast homologues of rat PIG-L were functional PIG-L homologues, we cloned them into a mammalian expression vector and transfected them into class L mutant CHO cells that stably expressed human CD59 precursor peptide as a marker GPIanchored protein. A human PIG-L homologue restored the surface expression of CD59 on the class L mutant to the same level as those in wild-type IIIB2A CHO cells and mutant CHO cells transfected with rat PIG-L cDNA (results not shown). We Figure 5B, lane 4) , the total amount of radiolabelled GlcNAc-PI and GlcN-PI was restored to that in the wild type. We concluded that YMR281W is a functional homologue of mammalian PIG-L and named the gene GPI12.
Essential nature of GPI12
In S. cere isiae, the GPI anchor is essential for viability [32, 33] . To test whether GPI12 is an essential gene, we disrupted it with the LEU2 gene ( Figure 6A ). To confirm that the disrupted copy of GPI12 had been integrated at the expected chromosomal locus in the diploid strain, we isolated genomic DNA from LEU2 + transformants and digested it with ClaI or Eco47III. A Southern blot analysis performed with the probe indicated in Figure 6 (A) demonstrated that the expected fragments were obtained, showing that diploid transformants harboured one intact gene (GPI12) and one disrupted copy (gpi12 : : LEU2) ( Figure 6B ). The heterozygous GPI12\gpi12 : : LEU2 yeast was allowed to sporulate. On tetrad dissection, only two spores from each tetrad could grow ( Figure 6C ). These two spores required leucine for growth, indicating that they must contain the intact GPI12 gene, whereas the two non-viable spores received the LEU2 gene. To discern whether the cloned GPI12 gene could rescue non-viable gpi12 : : LEU2 haploids, we transformed the GPI12\gpi12 : : LEU2 diploid with a multicopy plasmid containing the wildtype GPI12 gene and the URA3 gene as a marker and allowed it to sporulate. More than half of the tetrads analysed contained four viable spores, of which two required leucine for growth (GPI12) and two did not (gpi12 : : LEU2) (results not shown). All mutant (gpi12 : : LEU2) haploids were sensitive to 5-fluoro-orotic acid, which is toxic to cells containing the plasmid-borne URA3 marker (results not shown). These results showed that GPI12 is essential for the viability of S. cere isiae. The essentiality of this gene indicates that there is no other functional equivalent of GlcNAc-PI de-N-acetylase in S. cere isiae.
DISCUSSION
In this study we showed that rat PIG-L protein has GlcNAc-PI de-N-acetylase activity. We also reported its human and yeast functional homologues, which complement class L mutant CHO cells. They share 77 % and 24 % amino acid identity with rat PIG-L protein respectively. The yeast homologue, termed GPI12, was essential for growth, suggesting that it is the only gene that encodes GlcNAc-PI de-N-acetylase in S. cere isiae and that de-N-acetylation of GlcNAc-PI is an essential step in GPI biosynthesis in yeast, as it is in mammals [34] and trypanosomes [12, 35] .
We have demonstrated previously that PIG-L protein is localized in the ER, facing the cytosol [15] . The fact that PIG-L is the de-N-acetylase itself confirms that de-N-acetylation occurs on the cytoplasmic side of the ER. This is consistent with the membrane orientation of GlcN-PI [36] . Taken together with previous reports that both the first-step enzyme [18] and GlcNAc-PI [36] are cytoplasmically oriented, it is now clear that the first two reactions proceed on the cytoplasmic side of the ER.
Another de-N-acetylation mutant, class J, has been reported [37] . Although complementation analysis has not been done with the class L mutant, it is likely that the gene defective in class J is also PIG-L because PIG-L alone would be sufficient to mediate the second step. Alternatively, because the PIG-L protein has no typical ER retention signal, the hypothetical PIG-J protein might be involved in the ER localization of PIG-L.
A major fraction of FLAG-tagged rat PIG-L proteins expressed in E. coli was included in insoluble inclusion bodies and only a minor fraction was soluble. We captured soluble FLAGtagged PIG-L protein with anti-FLAG beads in the absence of detergent. This recombinant FLAG-PIG-L was co-purified with GroEL, a molecular chaperone that binds to the hydrophobic surface of protein [28] . It is known that recombinant proteins are sometimes co-purified with GroEL [38, 39] . GroEL is a large homotetradecamer composed of two seven-membered rings of 57 kDa subunits associating back to back. It is conceivable that the cylindrical complex of GroEL binds to the N-terminal hydrophobic region of PIG-L protein that might be involved in the enzyme 's association with the ER membrane within the intact cells. The rest of the PIG-L molecule, which is essentially hydrophilic, might have a catalytic site. This portion should have folded properly within E. coli because a complex of PIG-L and GroEL showed GlcNAc-PI de-N-acetylase activity.
It was reported that GTP specifically enhanced the GlcNAc-PI de-N-acetylase activity of microsomes in itro [14] . PIG-L protein does not have a typical GTP-binding motif [15] . In our experiments, the GlcNAc-PI de-N-acetylase activity of recombinant PIG-L protein was not enhanced by GTP (Figure 3) . These results together suggest that GTP does not bind to PIG-L and that it does not enhance de-N-acetylase activity directly but does so indirectly. For example, GTP might enhance the accessibility of the substrate synthesized by the first enzyme to GlcNAc-PI de-N-acetylase [14] . We reported that the first enzyme complex and PIG-L exist separately in a digitonin extract [20] . If these two enzymes exist on separate regions of the ER membrane in i o, they might exist on separate microsomal vesicles prepared by means of hypotonic disruption. GTP might be involved in the transfer of GlcNAc-PI from one vesicle to another, enhancing the accessibility of GlcNAc-PI to the de-N-acetylase. However, at present, the possibility cannot be ruled out that GroEL that bound to PIG-L might have influenced the effect of GTP on PIG-L protein.
Using purified PIG-L protein, we found that some metal ions enhanced GlcNAc-PI de-N-acetylase activity 3-8-fold at millimolar concentrations. In contrast, the de-N-acetylase activity was not inhibited by 5 mM EDTA. It is not clear whether recombinant PIG-L protein contains some metal ions essential for catalytic activity because in some enzymes metal ions are so tightly bound to the enzyme that treatment with EDTA was not efficient in removing metal ions [40, 41] . Alternatively, metal ions might function to stabilize the conformation of the enzyme or increase its affinity for the substrate [41, 42] . The enhancement of the activity by metal ions is not specific to recombinant PIG-L protein expressed in E. coli because it was also seen when mammalian cell lysates were used. Metal ions at micromolar concentrations had no significant effect. It is therefore uncertain whether these metals have a role in the enzymic activity under physiological conditions. GPI12, which was identified on the basis of sequence similarity, complemented the mammalian PIG-L-deficient cells, suggesting that GlcNAc-PI de-N-acetylase is widely conserved among eukaryotes. GlcNAc-PI de-N-acetylases of other species might be identified on the basis of sequence similarity or by expression cloning with GlcNAc-PI de-N-acetylase-deficient cells. In the trypanosome cell-free system, the upstream intermediate GlcNAc-PI was an approx. 6-fold better substrate than GlcN-PI for the later mannosyltransferase [35] . Because the de-N-acetylation of GlcNAc-PI must precede mannosylation in the GPI biosynthetic pathway [12] , this suggests a degree of substrate channelling via the GlcNAc-PI de-N-acetylase to the mannosyltransferase, indicating complex formation between the two enzymes. The identification of a trypanosomal homologue of GlcNAc-PI de-N-acetylase might lead to the identification of the subsequent GlcN-PI mannosyltransferase.
The present study is the first report of the identification of GlcNAc-PI de-N-acetylase in mammals and yeast. The purified recombinant PIG-L protein will facilitate the determination of active-site residues and the substrate specificity of this enzyme. Yeast de-N-acetylase can rescue a mammalian de-N-acetylation mutant. It is possible that mammalian PIG-L also complements yeast de-N-acetylation mutant. If so, we can use yeast cells expressing yeast or mammalian GlcNAc-PI de-N-acetylase to screen the species-specific inhibitors.
